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SHUTTLE SIMULATION 
SUMMARY 
The unique concepts of t h e  Space S h u t t l e  and the  va r i ed  environ- 
ments of i t s  t y p i c a l  miss ions r e q u i r e  a  d i f f e r e n t  a n a l y s i s  approach 
from previous launch veh ic l e s .  This becomes apparent  when the  reusebblZ- 
i t y  concept  i s  analyzed. Since man w i l l  g e n e r a l l y  be on board, maximum 
u t i l i z a t i o n  of h i s  adapt ive  c a p a b i l i t i e s  is h igh ly  d e s i r a b l e ,  
To proper ly  analyze the  i n t e r a c t i p n s  of man, machine, and ea.viiroa- 
ment, and t o  have the  c a p a b i l i t y  of analyzing automatic  guidance and 
c o n t r o l  concepts ,  a  s p e c i a l  s imu la t ion  t o o l  is requi red .  The purpose 
of t h i s  r e p o r t  i s  t o  p re sen t  t h e  present  s imu la t ion  concept under 
development a t  MSFC, i t s  c a p a b i l i t i e s ,  and f u t u r e  development p l ans ,  
Included a l s o  a r e  t h e  6-D equat ions of motion i n  modular form s o  t h a t  
s imu la t ion  of t he  var ious  concepts ( con t ro l )  can be made e a s i l y ,  
Deta i led  descr ippions  of t he  cockp i t  and v i s u a l  d i sp l ays  a r e  sham,  
I. INTRODUCTION 
The Space S h u t t l e  veh ic l e ,  a s  now envisioned,  i s  s e n s i t i v e  t o  
payload and f a t i g u e  ( i . e . ,  i t  i s  t o  be r euseab le ) ,  and r e q u i r e s  a 
h igh ly  in t eg ra t ed  av ionics  system t o  meet t he  t o t a l  mission r equ i r e -  
ments. The complexity of t he  mission i s  i nd ica t ed  on Figur'e B show- 
ing  a  t y p i c a l  mission p r o f i l e .  
The va r i ed  v e h i c l e  and environment c h a r a c t e r i s  t i c s  a s soc i a t ed  
wi th  l i f t o f f ,  a scen t ,  s e p a r a t i o n ,  docking, o r b i t ,  d e o r b i t ,  r e e n t r y ,  
c r u i s e ,  and landing phases a r e  included i n  t h e  mission. Analyses of 
t h e s e  phases from t h e  dynamics and c o n t r o l  s t andpo in t  a r e  very  com- 
p l i c a t e d  using convent ional  automatic  c o n t r o l  l o g i c .  When the  
requirement of manual takeover f o r  each phase i s  included,  t he  
a n a l y s i s  and design problem becomes even more complex. Not only 
must t he  system perform s a t i s f a c t o r i l y  i n  t he  automatic  mode, but 
i t  must a l s o  meet handl ing s p e c i f i c a t i o n s  i n  t h e  manual mode, 
Analysis  and .des ign  of t he  c o n t r o l  system and the  p r e d i c t i o n  sf 
t h e  dynamic c h a r a c t e r i s t i c s  (response and loads ) ,  of n e c e s s i t y ,  r e q u i r e  
a  good s imula t ion .  For t he  S h u t t l e  veh ic l e ,  t h i s  means an accu ra t e  
r e p r e s e n t a t i o n  of t he  v e h i c l e  dynamics, t h e  environment (atmospheric,  
thermal ,  runway, e t c . ) ,  the  c o n t r o l  system, and man. Ana ly t i ca l  
models can usua l ly  be adequately formulated f o r  everything except man, 
who must be a c t i v e  in s t ead  .of s imulated.  This means t h a t  the  sys  tem 
(s imula t ion)  must provide bo th  v i s u a l  and motion cues f o r  proper 
eva lua t ion  of t he  man and the  machine. Since the  S h u t t l e  mission i s  
s o  va r i ed ,  only the  r e e n t r y ,  c r u i s e ,  and landing a r e  included i n  t h i s  
p a p e r ,  a l though t h e  cockpi t  po r t ion  w i l l  be  app l i cab le  t o  a l l  phases 
and can be connected t o  t he  a s c e n t  hybrid computer s imu la t ion  i f  
des i r ed .  This hybrid program f o r  t he  a scen t  phase i s  being developed 
s e p a r a t e l y .  
The key t o  the  u t i l i t y  of a  s imu la t ion  i s  f l e x i b i l i t y ,  s i m p l i c i t y ,  
and l o w  c o s t ,  which were the  ove r r id ing  cons ide ra t ions  i n  developing 
the  p re sen t  program. Severa l  a spec t s  were taken i n t o  cons idera t ion :  
h ,  The dynamic po r t ion  of t he  s imu la t ion  must be a p p l i c a b l e  t o  
r e e n t r y ,  c r u i s e  and landing s t u d i e s  and the  cockp i t  must be 
a p p l i c a b l e  t o  a l l  phases of t h e  f l i g h t .  
2, The s imu la t ion  can be run wi th  o r  wi thout  cockp i t  and 
v i s u a l  d i sp l ays  f o r  manual and automatic  c o n t r o l ,  and f o r  
a n a l y s i s  of handl ing q u a l i t i e s .  
3, Basic subsystems a r e  programmed i n  modular form t o  a l low 
f l e x i b i l i t y  i n  making changes, i nco rpora t ing  new concepts ,  
e t c .  
4 ,  The f i n a l  dynamic s imu la t ion  w i l l  be  on t h e  hybrid computer 
t o  f a c i l i t a t e  t ime-varying and nonl inear  d a t a  cons ide ra t ions .  
5 ,  The s imu la t ion  w i l l  be  capable of tak ing  input  d i s tu rbances ,  
such a s  winds and ground proximity. 
This paper p re sen t s  t he  preseno s imu la t ion  a t  MSFC, inc luding  
cockp i t  and d i sp l ays  under development w i th  p e r t i n e n t  equat ions ,  
d e f i n i t i o n s ,  and f u t u r e  plans.  
The desc r ib ing  equat ions of motion a r e  6-D wi th  a  c a p a b i l i t y  of 
handl ing nonl inear  aerodynamics. The use of Euler  angles  i n  t he  con- 
ven t iona l  a i r c r a f t  form al lows f o r  a  complete6.28 rad t u r n  maneuver wi th  
f u l l  r o l l  c a p a b i l i t y , b u t  t he  v e h i c l e  cannot f l y  a  f u l l  1 .57 rad s t r a i g h t  
up o r  down because of t he  so -ca l l ed  gimbal lock. The equat ions a r e  
implemented modularly such t h a t  guidance and c o n t r o l  concepts can be 
quick ly  changed. 
T%ais r e p o r t  is a  j o i n t  e f f o r t  of Aero-As trodynamics Laboratory 
and the Computation Laboratory,  Marshall  Space F l i g h t  Center.  
Many thanks a r e  due t o  t h e  programmer Barry Gregory and t o  William 
McClendon, who implemented t h e  cockp i t  equipment. Without t h e i r  e x c e l l e n t  
coopera t ion ,  t h e  p r o j e c t  could not  have been done. 
11. EQUATIONS OF MOTION 
The inc reas ing  importance of being a b l e  t o  s o l v e  t h e  nonl inear  f l i g h t  
equat ions on h igh  speed computers and i n  r e a l  time i s  obvious i n  t he  
des ign  of t he  a u t o p i l o t ,  t h e  c o n t r o l  system, and t h e  guidance system, 
and i n  t h e  gene ra l  f i e l d  of f l i g h t  s imu la t ion  where the  p i l o t  or  hardware 
is included i n  t h e  c o n t r o l  loop. The equat ions  a r e  developed wi th  t h i s  
goa l  i n  mind. 
I f  t h e  S h u t t l e  v e h i c l e  i s  considered t o  be a  r i g i d  body i n  space,  
s i x  degrees of freedom a r e  necessary t o  d e s c r i b e  i t s  motion, t r a n s l a t i o n  
and r o t a t i o n  along the  x ,y ,  and z axes.  The or thogonal  r ight-hand s e t  of 
coord ina tes  a t t ached  t o  t h e  v e h i c l e  w i th  t h e  o r i g i n  a t  t he  v e h i c l e  c e n t e r  
of g r a v i t y  i s  known a s  t he  body-axis system. The x  and z axes l i e  i n  t h e  
plane of symmetry of t he  veh ic l e .  The x  a x i s  is i n  t h e  long i tud ina l  d i r e c -  
t i o n  of t h e  c r a f t ,  p o s i t i v e  x  toward t h e  nose. The y  a x i s  l i e s  perpendicu- 
l a r  t o  t h e  x  a x i s  w i th  t h e  p o s i t i v e  d i r e c t i o n  t o  t h e  r i g h t  of t he  p o s i t i v e  
x  d i r e c t i o n .  The p o s i t i v e  z d i r e c t i o n  is toward t h e  bottom of the  c r a f t  
(Figure 2 ) .  
The t r a n s l a t i o n a l  v e l o c i t y  components, denoted by U, V, and W ,  
l i e  a long the  x , y , z  body axes ,  r e s p e c t i v e l y .  The r o t a t i o n a l  components 
a r e  P ,  Q,  and R along t h e  r e s p e c t i v e  x ,  y ,  and z axes. 
To completely determine t h e  motion of t he  S h u t t l e  v e h i c l e ,  i t  
i s  necessary  t o  c a l c u l a t e  the  fo rces  and moments a c t i n g  on t h e  v e h i c l e  
r e s u l t i n g  from g r a v i t y ,  i n e r t i a ,  power p l a n t  t h r u s t  and aerodynamic 
fo rces  and moments. 
To c a l c u l a t e  the  g r a v i t y  f o r c e s ,  i t  is  necessary  t o  compute the 
o r i e n t a t i o n  of t he  v e h i c l e  w i th  r e s p e c t  t o  t h e  e a r t h  axes.  These 
c a l c u l a t i o n s  can be made by use of Euler  angles  or  by d i r e c t i o n  
cos ines .  Although t h i s  s imu la t ion  used the  Euler  angle  method, 
o the r  approaches could be e a s i l y  incorpora ted .  Euler  angles  r e f e r  
t o  a t t i t u d e ,  bank, and heading angles  (Figure 3 ) .  
The a t t i t u d e  angle ,  8 ,  i s  measured i n  t h e  v e r t i c a l  plane con- 
t a i n i n g  the  x  a x i s  and i s  t he  angle  between t h e  h o r i z o n t a l  plane and 
t h e  x a x i s ;  8 i s  p o s i t i v e  f o r  a  c l imbing v e h i c l e  and v a r i e s  between 
2 n/2. 
The bank ang le ,  @, i s  the  ang le  between the  h o r i z o n t a l  plane and 
t h e  y  a x i s .  Looking a t  the  v e h i c l e  from t a i l  t o  nose, when the Left  
wing i s  up and the  r i g h t  wing i s  down, @ i s  p o s i t i v e .  
The heading angle ,  q,  is measured i n  t h e  ho r i zon ta l  plane and i s  
t h e  angle  between due no r th  and the  p r o j e c t i o n  of t h e  x  a x i s  on the  
h o r i z o n t a l  plane.  A l l  of t hese  angles  a r e  fed i n t o  the  cockp i t  
ins t rumenta t ion  and a u t o p i l o t  system. 
Besides being used t o  compute the  g r a v i t y  fo rces  f o r  t h e  t r a n s l a -  
t i o n a l  equaf ions ,  t he  Euler  angles  a r e  necessary t o  compute the  
v e l o c i t i e s  Sx ( v e l o c i t y  n o r t h ) ,  Sy ( v e l o c i t y  e a s t ) ,  and -5, ( r a t e  of 
climb) along t h e  e a r t h  axes.  
The fo rces  Fx, Fy, and F, a r e  made up of t he  sum of powerplant, 
aerodynamic, and g r a v i t y  f o r c e s ;  whereas, t he  moments Mx, My, and MZ 
a r e  made up of only the  sum of powerplant and aerodynamic moments. 
The g r a v i t y  moments a r e  zero  s i n c e  t h e  o r i g i n  of t he  body a x i s  is a t  
t h e  c e n t e r  of g r a v i t y  of t h e  veh ic l e .  The aerodynamic fo rces  and 
moments s r e  ca l cu la t ed  i n  t he  s t a b i l i t y  a x i s  system. The ang le  of 
s i d e s l i p ,  B, i s  a l s o  measured i n  t he  s t a b i l i t y  a x i s  system, and 
i s  i n  the  Xs, Ys p lane whi le  a is measured i n  t he  Xs,Zs plane 
(or  x-z plane,  s i n c e  both a r e  the  same) ( see  Figures  4 ,  5 ,  and 6).  
By r o t a t i n g  t h e  s t a b i l i t y  axes about  Zs through the  angle  of 
s i d e s l i p ,  p, t he  x  a x i s  becomes o r i en t ed  i n  t h e  d i r e c t i o n  of t h e  t o t a l  
S h u t t l e  v e h i c l e  v e l o c i t y ,  Vp, r e l a t i v e  t o  a i r  space.  I f  no winds a r e  
p re sen t ,  Pp w i l l  a l s o  r ep re sen t  t he  t o t a l  S h u t t l e  v e l o c i t y  r e l a t i v e  
t o  t he  non-ro ta t ing  e a r t h  su r f ace .  
These fo rces  and moments which ' a r e  ca l cu la t ed  i n  the  s t a b i l i t y  
a x i s  system must be resolved i n t o  t h e  body a x i s  system f o r  c a l c u l a t i o n  
of the t o t a l  body a x i s  fo rces  and moments. Also i t  is assumed t h a t  
the s i d e s l i p  angle ,  p, is smal l  s o  t h a t  s i n  p 2 p and cos p z 1, bu t  
t he  angle  of a t t a c k ,  a, cannot be assumed sma l l  s i n c e  the S h u t t l e  
assumes f a i r l y  h igh  angles  of a t t a c k .  
The equat ions of motion which were der ived  according t o  t he  above 
d e f i n i t i o n s  and assumptions a r e  presented here .  
Trans l a l i o n a l  Equations i n  Body-Fixed Coordinates 
mU = -m(WQ - VR) + Px + X - mg s i n  O 
rnc = -m(UR - WP) + P + Y + mg cos O s i n  @ 
Y 
& = -m(VP - UQ) + PZ + Z + mg cos O cos @ 
where 
- 
 
VRX 
Vp cos N cos f5 
@ = s i n  - VRY = s i d e s l i p  angle  where VRY = V - v 
P 
V w Y ~  
VRZ - p i t c h  angle  of a t t a c k  where VRX = U - a = tan-  -VRX %XB 
VRZ = W - VWZBe 
Assuming t h a t  U i s  much l a r g e r  than the  components of t he  wind, 6 may 
be approximated asr  
Re la t ive  Ve loc i t i e s  i n  Earth-Fixed Coordinates 
Sx = U(cos 0 cos +) + V(-cos m s i n  q + s i n  rn s i n  0 cos +) 
+ W(sin 0 s i n  $ + cos Q s i n  O cos q )  + VWX 
= U(cos O s i n  q )  + V(cos m cos $ + s i n  0 s i n  O s i n  $) 
Y 
+ W(-sin @ cos $ + cos 0 s i n  O s i n  +) + VWy 
9 = U(-sin 0)  + V(sin m cos 0)  + W(cos O cos 0) + VwZ. 
Z 
Dimensionless Angular Rates f o r  Aerodynamic Calcula t ion  
6 = (Qsc)/(2Vp) 
k = (Rsb)/(2Vp). 
S impl i f ied  Rota t iona l  Equations wi th  Y Plane Symmetry 
I b =  
YY MY 
~,,k = +IxzP + M,. 
Rota t i ona l  Equa t ions  w i t h  Y P l a n e  Symmetry 
I I?= ( I  - I  ) Q R + I  ( k + P Q ) + T x + L  
XX YY Z Z X Z  
I 4 = crZz - I )RP + I ( R ~  - p2) + T + M 
YY XX X Z Y 
I k =  (I - I ) P Q + I  (5- QR) + T z + N .  
Z z xx YY YZ 
Stability Axis Ra tes  
P = P cos  a + R s i n  a 
s 
Q, = Q 
R, = -P s i n  a + R cos  a. 
E u l e r  Angle Ra tes  Derived from Body Ra tes  
$ = (R cos  Q + Q s i n  ~ ) / c o s  o 
6 = Q cos  O - R s i n  Q 
Dimensionless  Angular Ra tes  f o r  Aerodynamic C a l c u l a t i o n s  
: = (Psb) l  (2Vp) 
u = (&)I  ( 2 5 ) .  
Aerodynamic Force  C o e f f i c i e n t s  i n  S t a b i l i t y  Axes 
h: = C  + C a a + C  Q + C  S e + C  S r + C  6, 
o 4 6e 6 r 6a  
Force  Equat ions  i n  S t a b i l i t y  Axes 
X = -(Q v2 S) C  
S 2 P 
P Y = (- v2 S) Cy 
2 P 
P 2 zs = - ( - v  S)  C. 
2 ,  P 
Force  Equat ions  i n  Body Axes 
n  
Z = X s i n  a + Z cos  a +I FirZ. 
S S 
i= 1 
Engine Forces  
j = 1 . . . n number of eng ines .  
Aerodynamic Torque C o e f f i c i e n t s  i n  S t a b i l i t y  Axes 
= C  @ + C  P + C  R + C  6 a + C L o + C L S 6 r  C~ LB LP Lr LEa r 
Aerodynamic Torque Equations i n  S t a b i l i t y  Axes 
P 2 
= (- V Sb) CL 
Ls 2 p 
P 2 N = (- V Sb) CN. 
s 2 P  
Aerodynamic Torque Equations i n  Body Axes 
L = L cos a - Ns s i n  a S 
M = M, 
N = L, s i n  a + Ns COS a. 
T o t a l  Torques from Engine and Aerodynamics i n  Body Axes 
Engine Torques i n  Body Axes 
F l i g h t  and Control  (Prel iminary)  
A i l e ron  Control  
E l eva to r  Control  
T 8 + se = ae0 (oc - O) + a  Q + ho (s, - s,) + hl (8, - 8,) e  e e l  
+ f l a r e  + Esc 
Rudder Cont ro l  
when Sz > H1, f l a r e  = 0 where H1 = i n i t i a l  f l a r e  he ight  
h2 = f i n a l  f l a r e  he igh t  
when S < H1, and y > K f l a r e  = KF(qz 
Z Y '  - qZC) 
when y < R f l a r e  = 0. 
Y' 
Reference P o s i t i o n  Coordinates 
Sc = S  t a n  y,  
X 
Sy = Sx t a n  y 
Y* 
T h r o t t l e  Control  
- 
'T - ' t r i m  + k,(sc - s Z )  + k,(Hc - 5 ) Z 
k  = -.01 0  5 5 I. 
Time Lag on Thrust  Change 
Cant Angle Engine Equations 
= C (f ixed engines)  
'pj P j  
h j = C  (cPj a n d C  a r e c o n s t a n t d e f l e c t i o n s ) .  
Y j Y j 
These c o n t r o l  equat ions a r e  pre l iminary  and i d e a l  and s e r v e  only  a s  
a t y p i c a l  type. The program is f l e x i b l e  and can quick ly  be changed 
t o  any guidance and c o n t r o l  l o g i c  needed. Addi t iona l  d i scuss ions  
and types of c o n t r o l  systems fo l low l a t e r .  
Reaction J e t  Control  Forces 
Reaction J e t  Control  Moment 
L M ~ ~  = . R ~ ~ [ ( z ~ ~  - z cos hx - (xiR - x ) cos hZ] 
c g c  g 
L'Ri = RiT[(XiR - X c g ) cos A - YiR C O S  $1 
i = 1, ..., n i s  t he  number of engines.  
The analog flow diagram of t h i s  s e t  of desc r ib ing  equat ions i s  shown 
on c h a r t s  1 through 11 i n  appendix I. 
A block  diagram of t h e  equat ions i n  modular form i s  presented i n  
f i g u r e  7.  The format is  simple. For example, aerodynamic forces  and 
moments could be used i n  terms of body axes in s t ead  of s t a b i l i t y  axes ,  
i f  they were a v a i l a b l e  i n  t h a t  form, by passing o r  modifying c e r t a i n  
s t e p s .  The guidance and c o n t r o l  equat ions a s  presented a r e  very 
s imple,  and only  i n d i c a t e  where and how they  would be incorporated 
i n  t h e  loop. This p a r t i c u l a r  module w i l l  be  s u b j e c t  t o  more change 
than  any o the r .  
I, Control Systems 
One concept f o r  the  con t ro l  system c o n s i s t s  of s i g n a l s  t o  
t h e  e l e v a t o r ,  a i l e r o n s ,  and rudder.  The a i l e r o n  d e f l e c t i o n  i s  d e t e r -  
mined by a  p o s i t i o n  g a i n  on the  bank angle  plus  a  r a t e  ga in  on the  
v e h i c l e  angular  v e l o c i t y  along t h e  x  a x i s ,  wi th  some e r r o r  s i g n a l s  
f o r  path c o n t r o l .  The e l e v a t o r  d e f l e c t i o n  i s  determined by a  p o s i t i o n  
ga in  on the  a t t i t u d e  angle  e r r o r  plus a  r a t e  g a i n  on the  v e h i c l e  
angular  v e l o c i t y  along the  y  a x i s  along wi th  a l t i t u d e  and a l t i t u d e  
r a t e  e r r o r  ga ins .  The e l e v a t o r  a l s o  plays an important p a r t  i n  the  
f l a r e ,  The rudder  p o s i t i o n  i s  due t o  bank angle ,  veh ic l e  angular  
p o s i t i o n  along t h e  X and Z axes and heading e r r o r .  A f i r s t  o rder  
t i m e  de lay  i s  included on each of the  c o n t r o l  s u r f a c e s .  
The t o t a l  system may be automatic  o r  may be e n t i r e l y  con t ro l l ed  
by t h e  p i l o t .  The t h r o t t l e  i npu t  may a l s o  be va r i ed  manually or  may be 
completely changed au toma t i ca l ly  t o  he lp  s t a y  on t h e  g l i d e  s l o p e  and 
reach the  proper touchdown po in t .  Figures  8 and 9 a r e  t y p i c a l  block 
diagrams of t he  sys  tem. 
During r e e n t r y ,  p rovis ion  must be made f o r  using a  r e a c t i o n  
j e t  c o n t r o l  system i n  t h i s  module. F igure  10 i s  a  t y p i c a l  block 
diagram of a  r e a c t i o n  j e t  system. The system is designed t o  t r a d e  o f f  
attitude hold accuracy with r e a c t i o n  j e t  p rope l l an t  consumption by 
inc lus ion  of a  "pseudo-rate-modulator" i n  each channel.  The pseudo- 
rate-modulator  implements bang-bang c o n t r o l  w i th  deadbands a s  i l l u s -  
t r a t e d  by the  phase plane p l o t  of t h e  p i t c h  r a t e  versus  p o s i t i o n  
e r r o r  i n  f i g u r e  11. The block diagram i l l u s t r a t e s  the  mixing of 
s i g n a l s  f o r  s i x  engines mounted on the  geometric p i t c h  and yaw axes.  
Implementation would r e q u i r e  a  d i f f e r e n t  mixing depending on number 
of engines and var ious  l o c a t i o n s .  This was i l l u s t r a t e d  i n  t he  equa- 
t i ons  f o r  one ind iv idua l  engine where A,, hy, and A, a r e  t he  angles  
between the  t h r u s t  vec to r  and the  r e s p e c t i v e  body axes.  
2 ,  Overa l l  Simulat ion Concept 
The po r t ion  of t he  s imu la t ion  discussed s o  f a r  i s  genera l  and 
i s  needed f o r  both manual and automatic  c o n t r o l  s t u d i e s .  I t s  imple- 
mentat ion f o r  i n i t i a l  s t u d i e s  was made on an analog computer. A 
hybrid implementation is i n  process  which w i l l  a l low the  inco rpora t ion  
of a l t i t u d e ,  Mach number e f f e c t ,  nonl inear  aerodynamics, winds, e t c .  
The winds can be used a s  d e t a i l e d  measured winds, d i s c r e t e  winds, or  
s t a t i s t i c a l  winds. Logic f o r  c o l l a t i n g  and i n t e r p r e t i n g  output  d a t a  
can  be b u i l t  i n t o  t h e  d i g i t a l  po r t ion  of t he  hybrid.  S t r i p  c h a r t s  
can be used a s  output .  
Figure 1 2  i s  a  schematic diagram i l l u s t r a t i n g  the  f l e x i b i l i t y  
of t h e  s t u d i e s .  The le f t -hand  s e r i e s  of blocks i s  t he  analog or hybrid 
s imula t ion  of t he  v e h i c l e  dynamics, c o n t r o l ,  and d i s tu rbances .  Through 
proper i n t e r f a c e  (shown as  a  swi t ch ) ,  the  v e h i c l e  s imula t ion  can be 
used wi th  the  cockp i t  and v i s u a l  s imu la t ion  o r  run by i t s e l f  f o r  
s p e c i a l  s t u d i e s .  Since only  one dynamic s imu la t ion  has t o  be developed 
f o r  both manned and unmanned s t u d i e s ,  t h i s  approach is  very p r a c t i c a l ,  
The cockpi t  and v i s u a l  d i sp l ays  a r e  discussed i n  t h e  fol lowing s e c t i o n s ,  
111. SIMULATOR COCKPIT AND DISPLAYS 
The previous s e c t i o n s  have d iscussed  t h e  b a s i c  philosophy and 
the  dynamics and c o n t r o l  po r t ion  of t he  s imu la t ion  implemented on 
the  analog o r  hybrid computer. This s e c t i o n  dea l s  w i th  t h e  man- 
machine i n t e r f a c e .  
Man's a b i l i t y  t o  a c t  i n t e l l i g e n t l y  t o  t h e  unexpected has made him 
a  very  important element i n  space  v e h i c l e s ;  t h e r e f o r e ,  i t  has become 
necessary  t o  inc lude  him i n  the  v e h i c l e  development s t u d i e s - - t o  design 
t h e  system s o  t h a t  man becomes an i n t e g r a l  p a r t .  This i s  b e s t  accom- 
p l i shed  using the  man-machine type of s imu la to r s .  
The Simulat ion Branch, MSFC, f i r s t  became involved i n  man-machine 
s imu la to r s  i n  1962 and s i n c e  t h a t  time has grown q u i t e  r a p i d l y  i n  i c s  
c a p a b i l i t i e s  (Figure 13) .  A l l  computers and s imu la t ion  equipment 
te rmina te  a t  c e n t r a l  t runking s t a t i o n s  t o  provide maximum a d a p t a b i l i t y  
and f l e x i b i l i t y  f o r  engineering s t u d i e s  (Figures  14 and 15) .  The Space 
S h u t t l e  Simulator ,  which is  p r e s e n t l y  ope ra t iona l ,  r ep re sen t s  s e v e r a l  
years  of development i n  t he  s imula t ion  f i e l d .  F igure  16 i s  a  block 
diagram of t h i s  s  ys tem. 
Out-of-the-window views a r e  provided by t h e  Link SMK-23 visual 
u n i t .  The SMR-23, b u i l t  by Link Divis ion  o f  General P rec i s ion ,  Ins* 
f o r  u se  by t h e  A i r  Force i n  p i l o t  t r a i n i n g  and keeping t h e  pilots 
p r o f i c i e n t  i n  landing on a i r p o r t  runways, c o n s i s t s  o f  a  camera and 
model u n i t ,  and a  p r o j e c t o r  and sc reen  which provides t h e  crew s t a t i o n  
s imula tor  ope ra to r  a view of  t h e  t e r r a i n  he i s  f l y i n g  over .  The SEK-23 
inc ludes  a  3000-1 s c a l e  model ( i n  t h r e e  dimensions) o f  C a s t l e  Air Force 
Base, C a l i f o r n i a .  This t e r r a i n  model i s  i n s t a l l e d  on a  l a r g e  r o l l e r  
b e l t ,  3 .66  m wide and 8.23 m long. Table 1 g ives  t h e  c h a r a c t e r i s t i c s  
o f  t h e  SMK-23. 

The t e l e v i s i o n  camera scans t h i s  three-dimensional mod e l  w r t h  an 
o p t i c a l  probe t h a t  provides p i t c h ,  r o l l  and yaw. A l t i t u d e  i s  simulated 
by moving the  camera and pickup l ens  above the  t e r r a i n  model t o  repre-  
s e n t  a  maximum v i s u a l  a l t i t u d e  c a p a b i l i t y  of 610 meters ,  The minimum 
a l t i t u d e  c a p a b i l i t y  is approximately 6.7 meters which r ep re sen t s  the 
eye l e v e l  of a  p i l o t  i n  a  l a r g e  a i r c r a f t  wi th  i t s  wheels touched down 
on t h e  runway. To provide f o r  such a  cond i t i on  t h e  en t rance  p u p i l  o f  
t h e  o p t i c a l  probe i s  l e s s  than  .0025 m from t h e  model. To allow for 
t h i s  c l o s e  approach o f  t h e  o p t i c a l  probe, t h e  i n i t i a l  element i n  the  
o p t i c a l  cha in  i s  on ly  about two mi l l ime te r s  i n  diameter ,  The camera 
used provides f i e l d  s equen t i a l  co lor .  
The p i c t u r e  obtained from t h e  camera and model i s  provided by 
means of a  video l i n k  t o  an Eidophor P r o j e c t o r  loca ted  a t  the  crew 
s t a t i o n  s imula tor .  F igure  17 i s  a  p r o j e c t i o n  of t h i s  p i c t u r e  on the 
sc reen  out  t he  p i l o t ' s  and c o p i l o t ' s  windows. Spec i f i ca t ions  f o r  the  
SMK-23 a r e  given i n  Table 1. 
The crew s t a t i o n  s imula tor  used f o r  t he  p re sen t  S h u t t l e  s t u d i e s  
c o n s i s t s  of a  two-man gene ra l  purpose device.  It was designed under 
MSFC c o n t r a c t  by t h e  Boeing Aerospace Div is ion  i n  S e a t t l e ,  The crew 
s t a t i o n ,  which evolved from p r i o r  experience a t  MSFC, f e a t u r e s  a 
modular concept.  P r i o r  work wi th  s imula tors  showed the  d i f f i c u l t y  i n  
rear ranging  cockpi t  instrument  pane ls ,  s e a t i n g ,  and c o n t r o l s ,  Ths 
General-Purpose Two-Man Crew S t a t i o n  was t h e r e f o r e  designed f o r  maxi- 
mum f l e x i b i l i t y .  The major items of t he  cockpi t  can be incorporated 
i n  bui lding-block fash ion  t o  r ep re sen t  a  v a r i e t y  of veh ic l e  concepts ,  
The enc losure  i s  not  r i g i d l y  a t tached  t o  the  cockpi t  f l o o r ,  but can  
be l i f t e d  o f f  and a  d i f f e r e n t  enc losure  i n s t a l l e d  t o  r ep re sen t  a d i f -  
f e r e n t  veh ic l e .  Also, t he  instrument  panel i s  no t  a t tached  to Che 
enc losure  bu t  r a t h e r  t o  the f l o o r ;  t he re fo re ,  the  instrument  panel can 
be e a s i l y  removed, and a  complete instrument  panel  arrangement can be 
i n s t a l l e d .  Likewise, s e a t i n g  can be changed. 
The connections t o  t h e  computer a r e  v i a  an i n t e r f a c e  console ,  
The console  includes a  removable pa tch  board s o  t h a t  once the  i n s t r u -  
ment connect ions a r e  wired t o  a  program they can be r e a d i l y  changed 
j u s t  by i n s e r t i n g  another  removable pa tch  board and i n s t a l l i n g  on the 
cockp i t  f l o o r  t he  corresponding instrument  panels .  
Because of t hese  f e a t u r e s ,  the  con f igu ra t ion  of the  v e h i c l e  r ep re -  
sen ted  i n  t he  crew s t a t i o n  s t r u c t u r e  can be changed i n  a  matter  of a 
few hours.  A t  t h e  same time, t h e  computer-program would be changed, 
Thus, t he  v e h i c l e  s imu la t ion  can be completely changed i n  about one 
day. 
A t  p resent  t h e  ins t rumenta t ion  cons i s  ts of s tandard  a i r c r a f t  
i n s t r ~ ~ m e n t s  such a s  t he  Lear-Seigler  Model 4060P At t i t ude -Di rec to r  
I n d i c a t o r ,  Gyro Magnetic Compass, A l t ime te r ,  Rate-of-Climb I n d i c a t o r ,  
Mach Number I n d i c a t o r  and Airspeed (Knots) I n d i c a t o r ,  a l l  of which a r e  
synchro dr iven .  Other meters of t h e  d ' a r sonva l  type a r e  used t o  read 
ou t  v a r i a b l e s  which do no t  r e q u i r e  such an accu ra t e  i n t e r p r e t a t i o n .  
A number of i n d i c a t o r  switches a r e  a v a i l a b l e  f o r  the opera tor  t o  use 
f o r  p u t t i n g  i n  var ious  opera t ing  condi t ions  such a s  t h e  a u t o p i l o t .  
F igure  18, a  p i c t u r e  of t he  i n t e r i o r  of t h e  cockp i t ,  shows t h e  
instruments  , and Table 2 l i s t s  t he  p re sen t  cockp i t  c h a r a c t e r i s  t i c s .  
Table 2 .  Cockpit C h a r a c t e r i s t i c s  
1, S t i c k  Control of Ai le ron ,  E leva to r s ,  and Rudder i f  Desired 
2 ,  Rudders 
3, T h r o t t l e  
4 ,  Ins t rumenta t ion  
a )  Gl ide  Slope g )  Rol l  Angle 
b )  A i r  Speed I n d i c a t o r  h)  P i t c h  Angle 
c) Alt imeter  i )  Yaw Angle 
d l  Rate of Climb j)  Percent  of Thrust  
e )  Three-axis A t t i t u d e  I n d i c a t o r  k )  Mach Number 
f )  D i rec t iona l  Gyro 
5 ,  Headphones and Speaker 
7 ,  Wind Switch 
8 ,  Panel Lights  
9 ,  Fixed Base 
10, T a n  and S l i p  I n d i c a t o r  
II, Loads Instrument  
Although the  S h u t t l e  Simulator i s  q u i t e  adequate f o r  t h e  present  
l e v e l  of s t u d i e s ,  t he  system must be improved t o  add more r ea l i sm as 
t he  program becomes more s o p h i s t i c a t e d .  Visual cues must be improved 
and motion should be added t o  provide more t y p i c a l  cues f o r  t he  sirnula- 
t o r  p i l o t .  Man's r e a c t i o n s  must be evaluated i n  a s  nea r ly  an a c t u a l  
environment a s  poss ib l e ;  only then can h i s  f u l l  p o t e n t i a l  be proper ly  
incorporated.  
Equipment now a v a i l a b l e  which may be added t o  t he  s imula t ion  as 
t he  s imu la t ion  develops i s  descr ibed i n  t h e  fol lowing paragraphs, 
A. Link Six-Degree-of-Freedom Motion System 
The 6DOF motion system,developed f o r  s imu la t ion  of high performance 
a i r c r a f t  by Link Divis ion  General P rec i s ion ,  i s  capable of providing 
independent motion i n  s i x  degrees of freedom t o  a  motion p la t form,  
This i s  achieved by simultaneous and y e t  independent opera t ion  of s i x  
hydrau l i c  a c t u a t o r s ,  arranged i n  t h r e e  bipod p a i r s ,  between the  p l a t -  
form and f l o o r .  For normal motion of t he  p la t form,  i t  i s  necessary  
f o r  a l l  s i x  a c t u a t o r s  t o  ope ra t e  s imultaneously.  Operating s p e c i f i c a -  
t i o n s  f o r  t h e  6DOF motion system a r e  shown on Table 3. A p i c t u r e  of 
t he  u n i t  i s  shown i n  Figure 19. 
Table 3. Six-Degree-of-Freedom Motion System 
Pay1 oad : 20,000 pounds 
Del ivery  t o  MSFC: August 1969 
P i t c h  
Rol l  
Yaw 
V e r t i c a l  
L a t e r a l  
Longitudinal  
Pos i t i o n  Rate 
+.524 r ad ,  -.349 rad 
2.384 rad 
k.558 rad 
-991 m up, ,762 m down 
21.219 m 
21.219 m 
Acce lera t ion  I 
B. Farrand "Pancake" Vi r tua l  Image Lens Sys tem 
The "pancake" Lens sys ;em is  a  non-pupil-f orming in£  i n i t y  image 
system t h a t  provides a  1.047 meter d i sp l ay .  It w i l l  no t  i n t e r f e r e  wi th  
mss t cockp i t  con f igu ra t ions  because no obs t ruc t ions  o r  i nc l ined  beam 
s p l i t t e r s  e x i s t  forward of t h e  co l l ima t ing  eyepiece mir ror .  It is 
te rmed the  "pancake window" because of i ts minimal depth  and, t h e r e f o r e ,  
r e l a t i v e l y  f l a t  appearance. The eye r e l i e f  is  approximately 160 per-  
cen t  of t h e  f o c a l  l eng th  and t h e  phys ica l  th ickness  is  only about 
50 percent of t h e  f o c a l  l eng th .  An assembly drawing i s  shown i n  
Figure 20. 
C. Dal to  DEC M-15 Model Unit 
Dal to  E lec t ron ic s  Corporat ion i s  under c o n t r a c t  t o  d e l i v e r  t o  
MSFC a DEC M-15 model u n i t  i n  March 1971. It w i l l  c o n s i s t  of a  servo-  
d r i v e n  gan t ry  f o r  three-degree-of-freedom t r a n s l a t i o n a l  motion of a  
t e l e v i s i o n  camera over a  f i xed  t e r r a i n  model. 
The model w i l l  b e  4.572 meters by 12.192 meters and w i l l  r ep re sen t  
the air s t r i p  a t  Cape Kennedy wi th  t y p i c a l  surrounding t e r r a i n .  The 
model w i l l  a l s o  inc lude  known landmarks t o  a s s i s t  t h e  s imula tor  p i l o t s  
i n  naviga t ion ,  A conceptual  drawing of the  u n i t  i s  shown i n  F igure  21. 
The gan t ry  is pos i t ioned  by D-C servos  u t i l i z i n g  zero  backlash 
t r a c t i o n  d r i v e s  which w i l l  r e s u l t  i n  h igh  p o s i t i o n a l  accuracy wi th  
excellent r e p e a t a b i l i t y ,  Performance c a p a b i l i t i e s  a r e  given i n  
Table 4 .  
Table 4. DEC-M15 (Dalto) 
Model 4.57 m x 12.19 m 
Model Sca le  2500: 1 
D. Adage Graphics Terminal Computer System 
The Adage Graphics Terminal Computer System (AGT-30) can d i s p l a y  
three-dimensional  information wi th  r o t a t i o n  and t r a n s l a t i o n  i n  a l l  
t h r e e  axes which could provide f l e x i b i l i t y  i n  s tudying  scope-type d i s -  
plays f o r  t h e  Space S h u t t l e .  The d i g i t a l  processor  i s  a gene ra l  pu r -  
pose d i g i t a l  computer wi th  ex t ens ive  t r a n s f e r  l o g i c  and address ing  
c a p a b i l i t y .  It f e a t u r e s  an SK t h i r t y - b i t  memory wi th  a two-microsecond 
memory cyc le  time and a one-microsecond r e g i s t e r  t o  r e g i s t e r  t r a n s f e r ,  
I ts  pe r iphe ra l s  inc lude  a magnetic tape ,  a s e t  of d i s c r e t e  func t ion  
swi tches ,  a l i g h t  pen, and a " joys t ick"  (Figure 22).  
The hybrid a r r a y  so lves  a t ransformat ion  ma t r ix  of t h e  fol lowing 
form f o r  ou tput  t o  the  vec to r  genera tor :  
(Analog) ( D i g i t a l )  
The vec to r  gene ra to r  takes  the  des i r ed  end poin ts  of vec to r s  and 
conver t s  them t o  proper s i g n a l s  f o r  d r iv ing  the  d i s p l a y  scope,  Some 
t y p i c a l  measures of performance a r e  a s  fol lows:  
1 )  Up t o  4500 2D s h o r t  vec to r s  (1.27 cen t ime te r s )  a t  
40 frames/sec. 
2) Up t o  1660 3D vec to r s  w i th  up t o  7.62 cent imeter  
components, 800 wi th  17.78 cent imeter  components, 
o r  640 wi th  25.4 cent imeter  components a t  40 frames/sec.  
The c h a r a c t e r  gene ra to r  a l lows 64 alphanumeric cha rac t e r s  t o  be 
drawn r a p i d l y  under hardware c o n t r o l .  
The AGT-30 i s  i n t e r f aced  t o  an EMR-6050 d i g i t a l  computer, This 
gives  much f l e x i b i l i t y  and c a p a b i l i t y  because the  EMR-6050, i n  a d d i -  
t i o n  t o  being a gene ra l  purpose d i g i t a l  computer, i s  l inked a s  a 
hybrid system t o  s e v e r a l  analog computers. 
There i s  a f u l l  s e t  of sof tware  on the  AGT-30 inc luding  a magnetic 
tape  ope ra t ing  system, assembler,  compiler ,  and d i s p l a y  software.  
The use  of t h i s  equipment w i l l  a l low va r ious  d i s p l a y s  on a  cathode 
r a y  mube a v a i l a b l e  t o  t h e  p i l o t  t o  a i d  i n  h i s  "man-in-the-loop" r o l e  o r  
on ly  a s  a monitor.  F igures  23 and.24 a r e  t y p i c a l  examples of some d i s -  
p lays  t h a t  could be por t rayed  on t h e  cathode r a y  tube.  
I V .  DYNAMICS AND CONTROL STUDIES 
The p re sen t  Space S h u t t l e  con f igu ra t ion  c o n s i s t s  of two r eusab le  
s t a g e s ,  each of which must have manned c a p a b i l i t y .  The b a s i c  per- 
formance requirements a r e  i n  t h e  Level I and Level I1 s p e c i f i c a t i o n s .  
Level I s p e c i f i c a t i o n s  c a l l  f o r  (a )  go-around c a p a b i l i t y  f o r  boos ter  
and o r b i t e r  wi th  a i r  b rea th ing  engines (ABES) , (b) landing c a p a b i l i t y  
wi th  and without  ABES, ( c )  f e r r y i n g  c a p a b i l i t y  of a l l  v e h i c l e  s t a g e s  
between a i r p o r t s ,  and (d) i n t a c t  a b o r t  a f t e r  l i f t - o f f .  
Level I1 s p e c i f i c a t i o n s  s t a t e  t h a t  t r a d e  s t u d i e s  s h a l l  be per- 
formed t o  prove o r  d i sprove  t h e  d e s i r a b i l i t y  of ( a )  p i l o t  c o n t r o l  of 
landing (boos ter  and o r b i t e r )  under FAA Category I1 landing s p e c i f i c a -  
t i o n s ,  (b) a u t o p i l o t  and naviga t ion  a i d s  s i m i l a r  t o  systems used i n  
c o m e r c i a 1  a i r c r a f t .  
These requirements ,  a long wi th  the  var ious  miss ion  phases , f a i r l y  
we l l  d i c t a t e  t he  s t u d i e s  t h a t  need t o  be made. Although t h e  simula- 
t i o n  can be used wi th  o r  without  t he  cockp i t ,  t h i s  system w i l l  manily 
be used wi th  t h e  cockpi t .  
Since the  main purpose of t h i s  r e p o r t  i s  t o  p re sen t  t h e  charac-  
t e r i s t i c s  of s imula t ion ,  d e t a i l e d  dynamics and c o n t r o l  s t u d i e s  a r e  not  
d i scussed .  Some of t h e  dynamics and c o n t r o l  s t u d i e s  t o  be made i n  t he  
f u t u r e  a r e  l i s t e d  below. 
1, Manual Control  S tudies  
a.  Ascent Abort (P r io r  t o  Reentry) 
(1) Determine pre l iminary  c o n t r o l  system requirements 
( f e e l  c h a r a c t e r i s t i c s ,  displayed information,  engine and s u r f a c e  
a c c e l e r a t i o n s ,  r a t e s  and displacements ,  augmentation requirements ,  
e t c , )  f o r  manual takeover f o r  a b o r t .  
(2 )  Ver i fy  t h a t  handl ing q u a l i t i e s  a r e  accep tab le  
f o r  t he  s i t u a t i o n .  
(3)  Veri fy  c a p a b i l i t y  t o  manually f l y  through winds, 
g u s t s ,  and t r a n s i e n t s  r e s u l t i n g  from malfunct ion without  s t r u c t u r a l  
overs t r e s s .  
(4) Verify guidance, naviga t ion  and c o n t r o l  compa t ib i l i t y  
i n  t he  presence of a  naviga t ion  e r r o r  model such t h a t  manual c o n t r o l  can 
be used t o  r e t u r n  v e h i c l e  s t ages  t o  an acceptab le  s i t e  fol lowing a b o r t ,  
b.  Reentry 
(1) Determine pre l iminary  c o n t r o l  and d i s p l a y  system requ i r e -  
ments f o r  manual p i l o t i n g  dur ing  r een t ry .  
(2) Determine pre l iminary  RCS p rope l l an t  budget f o r  p i lo t ed  
c o n t r o l  of r een t ry .  
(3) Ver i fy  p i l o t i n g  pa th  load f a c t o r  and hea t ing  c o n t r o l  i n  
conjunct ion  wi th  t h e  guidance and naviga t ion  system and i t s  e r r o r  model. 
(4) Determine p i l o t i n g  technique f o r  t r a n s i t i o n  maneuver, 
c.  Cruise 
(1) Determine pre l iminary  c o n t r o l  and d i s p l a y  requirements .  
(2) Verify hand1 ing q u a l i t i e s .  
(3)  Determine g u s t  response. 
(4) Ver i fy  guidance, naviga t ion  and c o n t r o l  compatFbF1- 
i t y ,  inc luding  naviga t ion  e r r o r  model. 
d. Landing 
(1) Determine pre l iminary  c o n t r o l  and d i s p l a y  r equ i r e -  
ments necessary t o  landing veh ic l e .  
(2) Evaluate  landing a i d s .  
(3) Ver i fy  handling q u a l i t i e s ,  c o n t r o l  power, and 
p i l o t s  a b i l i t y  t o  f l a r e  and land veh ic l e .  
(4) Determine g u s t  responses and eva lua t e  decrab 
a b i l i t i e s .  
(5) Evaluate  landing techniques ( i . e . ,  elevon-canard 
c o n t r o l  i n t e r a c t i o n )  inc luding  naviga t ion  e r r o r  model. 
2. Automatic Control  S tudies  
a .  Reentry 
(1) Determine optimum system monitoring and d i s p l a y ,  
(2) Determine r i d e  q u a l i t i e s .  
b. Cruise  
(1) Determine winds and g u s t  response and v e r i f y  
r i d e  q u a l i t i e s .  
( 2 )  Determine optimum system monitor ing and d i sp l ay .  
c. Landing 
(1) Determine r i d e  q u a l i t i e s  
(2)  Determine optimum system monitor ing and d i sp l ay .  
3 ,  Manual versus Automatic 
a .  Ascent Abort and Reentry 
Trade-off p i l o t  l a g  and decreased e r r o r  r e s o l u t i o n  
versus l o g i c  complexity t o  achieve  p i l o t s  a d a p t a b i l i t y .  
b e  Landing 
Trade-off p i l o t  l a g  and decreased e r r o r  r e s o l u t i o n  
versus complexity of a u t o p i l o t  t o  c o r r e c t  naviga t ion  and landing 
a i d  instrument  and system e r r o r s .  
V. FUTURE PLANS AND CONCLUSIONS 
The presen t  s imu la t ion  model has been shown i n  d e t a i l .  It 
ine l u d  es : 
(1) c r u i s e  and Landing Phases 
( 2 )  Linear  Aerodynamics 
(3) Constant Coe f f i c i en t s  
(4) Var iab le  Thrus t  
(5) S inusoida l  Wind Gust Model 
(6)  Control through Aerodynamic Surfaces 
(7) Simple Malfunction f o r  Manual Takeover 
Since t h i s  model has some l i m i t a t i o n s ,  such a s  cons t an t  c o e f f i c i e n t s  
and l i n e a r  aerodynamics, and s i n c e  i t  is a l s o  l imi t ed  t o  the land ing  
phase of t he  mission,  a hybrid s imu la t ion  of the  v e h i c l e  dynamics 
and con t ro l  i s  being developed. The c h a r a c t e r i s  t i c s  of t h i s  model  
a r e  a s  fol lows:  
(1) Reentry, Cru ise ,  and Landing Phases of F l i g h t  
(2) Nonlinear Time Varying Coef f i c i en t s  
(3) Control Forces from Aerodynamic Surfaces and RCS 
(4) Actual  Wind P r o f i l e s  
(5) Nonideal Control E f fec t s  (Lags) 
(6)  Navigation Error  Model 
( 7 )  S t a t i s  t i c a l  Evaluat ion Techniques 
(a )  Foo tp r in t  Dens i t y  
(b) Landing Loads Envelope 
(c )  Performance Dispersions (Flyback Fuel  and Go-Around) 
(8) Malfunctions f o r  Manual Takeover 
(9) Landing Gear Deployment Model 
(10) Automatic Landing Simulated System Inc luding  F l a r e  
(11) Moving Base Option 
(1  2) Runway Roughness 
(13) Ground Ef fec t s  
(14) F laps ,  S p o i l e r s ,  e t c .  
These var ious  subsystems and e f f e c t s  w i l l  be programmed i n  modular 
form s o  t h a t  t h e  system can be developed i n  s t e p s  and used a t  any 
s t a g e  of development. 
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FIGURE 3 .  COORDINATE SYSTEM 
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FIGURE 4 :  STABILITY AXES 
FIGUm 5: BODY-AXIS ANGULAR RATES ALONG STABILITY AND BODY AXES 
X ,  Y, Z Forces  
L, M, M M o m e n t s  
FIGURE 6: RESOLUTION O F  AERODYNAMIC F O X E S  AND MOMENTS 
FROM S T A B I L I T Y  TO BODY AXES 
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CONTROL ENGINES 
ENGBlUES O F F  F U L L  ON ( - )  
CONTROL E N G I N E S  
FIGURE 11 : PHASE PLANE DIAGRAM FOR THE 
REACTION J E T  CONTROL SYSTEM 

FIGURE E 3 : MSFC COMPUTATION LABORATORY PHYS I C A L  SIMULATION F A C I L I T Y  
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FIGURE 15:  CENTRAL TRUNKING STATION SIMULATOR AND COMPUTER LAYOUT 
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FIGURE 19:  MOVING BASE SIMULATOR 



. 4  .8 4.2 1.6 2.0 2.4 2.8 3.2 
M A C H  
FIGURE 23: DESCENT 
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FIGURE 24: CROSS-RANGE AND DOWN-RANGE LANDING CORRIDORS 
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